Global environmental changes strongly impact wild and domesticated species biology and their 30 associated ecosystem services. For crops, global warming has led to significant changes in terms of 31 phenology and/or yield. To respond to the agricultural challenges of this century, there is a strong 32 need for harnessing the genetic variability of crops and adapting them to new conditions. Gene 33 flow, from either the same species or a different species, may be an immediate primary source to 34 widen genetic diversity and adaptions to various environments. When the incorporation of a foreign 35 variant leads to an increase of the fitness of the recipient pool, it is referred to as "adaptive 36 introgression". Crop species are excellent case studies of this phenomenon since their genetic 37 variability has been considerably reduced over space and time but most of them continue 38 exchanging genetic material with their wild relatives. In this paper, we review studies of adaptive 39 introgression, presenting methodological approaches and challenges to detecting it. We pay 40 particular attention to the potential of this evolutionary mechanism for the adaptation of crops.
Introduction

47
The fate of wild and domesticated species and their associated ecosystem services is increasingly 48 depending on global environmental changes, as climate warming, nitrogen cycle alteration or land 49 use (Perring et al., 2015; Shibata et al., 2015; Walther et al., 2002) . For instance, modifications of 50 temperature and rainfall regimes have been shown to directly impact on plant phenology or as observed in insects (Lynd et al., 2010; Weetman et al., 2010) and rodents (Liu et al., 2015; Song 147 et al., 2011) . A mutation in the voltage-gated sodium channel gene (kdr) provides strong resistance 148 to pyrethroid and dichlorodiphenyltrichloroethane (DDT) in the mosquito Anopheles gambiae, one 149 of the vectors of malaria in sub-Saharan Africa. The resistance allele was transferred from A. 150 gambiae sensu stricto (S form) to a conspecific A. coluzzi (M form) (Weill et al., 2000) and its 151 frequency has greatly increased in A. coluzzi populations over the past two decades (Lynd et al., 152 2010; Norris et al., 2015) . Selection tests and demographic simulations suggest this increase has 153 been driven by selection (Lynd et al., 2010; Weetman et al., 2010) . Another recent example of 154 adaptive introgression in plants has been discovered in a population of Arabidopsis arenosa (Arnold 155 et al., 2016) using genome scans. Several genomic signatures of selection associated with 156 adaptation to serpentine soils were found to be of introgressed origin from a different species, A.
comes from the use of multiple independent (i.e. not physically linked) polymorphic markers. These 197 methods can be applied both genome-wide (Gagnaire et al., 2009; e.g. Rochus et al., 2017) and to 198 single genomic regions. Window-based analyses of ancestry along the maize genome were 199 successfully used to identify introgressed fragments from the wild progenitor teosinte (Hufford et 200 al., 2013) . 201 202 When higher density molecular markers are available, other recent methods are able to assign an 203 ancestry probability to each polymorphic variant (Racimo et al., 2015; Schaefer et al., 2016) . These 204 local ancestry methods use probabilistic approaches, such as Hidden Markov Models (e.g. Reich et 205 al., 2012 ), or Conditional Random Fields (e.g. Sankararaman et al., 2014 to infer the ancestry state 206 of each site, taking into account the information of physically close positions. As physical linkage 207 disequilibrium patterns dilute with generations, these approaches are less efficient for the detection 208 of ancient introgression, compared to global ancestry methods. While some implementations 209 require phased data (e.g. Song and Hein, 2005) availability of whole genome data will soon make them suitable for other study systems.
215
The approaches described above help to quantify the amount of shared diversity between genetic 216 pools. Shared variants between populations may be the result of different processes other than 217 introgression: the retention of ancestral polymorphic alleles by chance (referred to as Incomplete 218 Lineage Sorting, ILS, Figure 3 ), balancing selection or convergence (see Hedrick, 2013 for a 219 comparison). For lower divergence times (as for wild-crop complexes), the probability that the two 220 related groups have conserved ancestral polymorphism is higher. Thus, in most cases, the main 221 challenge to detecting introgression is to distinguish it from ancestral shared polymorphism.
222
Tracking the absence of the introgressed variants in ancient samples of the recipient pool would be 223 an efficient way of excluding shared ancestral polymorphism. However, historical samples are 224 difficult to obtain for most biological systems, so different methods have been developed to search 225 for specific signatures on the genome that help to differentiate between introgressed fragments and 226 inherited ancestral fragments.
228
Coalescent samplers have been widely used to test for gene flow versus ILS using maximum 229 likelihood or Bayesian models (Pinho and Hey, 2010) . However, they are not straightforwardly 230 applied to all study systems, because they require a strong computation effort and are not easy to 231 transpose to a genome-wide scale. An alternative, simpler strategy takes advantage of the 232 expectations associated with phylogenetic relationships between individuals or populations ( Figure   233 3). Given a genealogical tree describing the history of divergence between taxa or populations, a 234 precise amount of shared variation between branches is expected because of drift and ILS. A 235 significant excess of shared variation instead may be indicative of gene flow (Kulathinal et al., 236 2009; Patterson et al., 2012; Peter, 2016 , 2009, 2012) . These statistics were initially applied to human populations and have proven to be 240 useful in other study systems, e.g. to detect the introgression of adaptation to serpentine soils in 241 Arabidopsis species (Arnold et al., 2016) . In general, the power of these tests to detect admixed 242 genomes or populations is greater when applied to genome-wide data (see Patterson et al., 2012 for 243 a review; Peter, 2016), but most recent statistics can be applied to small genomic regions, e.g. f D 244 (Martin et al., 2015; Racimo et al., 2017) .
246
Other approaches take advantage of haplotype characteristics to distinguish between introgression 247 and ILS. As recombination breaks apart haplotypes over generations, introgressed haplotypes 248 should be longer than haplotypes due to ILS and should exhibit higher levels of linkage 249 disequilibrium (see figure 1 from Racimo et al., 2015) . If admixture occurred recently compared to 250 the divergence between populations, these features can be exploited to detect introgressed tracts. A 251 test of significance can be associated by performing coalescent simulations of specific demographic 252 scenarios (setting values of divergence times, recombination rates, population structure or selection 253 adapted to the case in hand) to obtain the expectations for haplotype length statistics in the absence 265 266 To prove adaptive introgression, the action of selection has to be demonstrated on the introgressed 267 variant. A number of reviews address methods and tools for detecting selection with molecular data 
Detection of selection
301
Extreme differentiation between populations in specific genomic regions can also be interpreted as 302 a signature of selection subtending local adaptation. For introgressed alleles adaptive in the 303 recipient population, higher differentiation can be expected between the recipient and another non-304 admixed population (e.g. Ai et al., 2015) . In addition, recipient-donor differentiation will be lower 305 for introgressed regions compared to the rest of the genome (Figure 2b) . Thus, comparisons of 306 pairwise differentiation values between different populations (i.e. donor, recipient and "reference" 
313
It should be noted, however, that inferring separately introgression and selection might not be the 314 best approach to detect adaptive introgression, as expected genetic patterns are not necessarily the Different types of selection other than selective sweeps may generate genetic patterns that are more 331 difficult to distinguish from non-selective processes with the approaches described above. Typically, when the migration rate is high, the same beneficial allele can enter the recipient 341 population associated with different genetic backgrounds. This kind of positive selection signature 342 is difficult to detect because diversity and site frequency spectrum patterns do not change 343 dramatically as in hard selective sweeps (Hermisson and Pennings, 2017) .
345
It should be noted also that inferences of selection based on molecular data only give indirect 346 evidence of the adaptive value of introgressions, particularly when they target genomic regions with 347 an unknown contribution to fitness-related traits (e.g. Gagnaire et al., 2009 ). However, detecting 348 selection in genic regions linked to specific functions or phenotypes (shown by phenotype-genotype 349 association analysis for instance) greatly helps the interpretation in terms of adaptation (e.g.
350 Hufford et al., 2013; Racimo et al., 2015; Rochus et al., 2017) . Ultimately, one direct validation of 351 the adaptive role of introgression is to demonstrate the fitness advantage of the introgressed allele or 352 trait for the recipient population (e.g. Martin et al., 2006; Whitney et al., 2006 Whitney et al., , 2010 Whitney et al., , 2015 ; Figure   353 4). However, field studies involving phenotypic exploration can be time-consuming and difficult to 354 implement for most species. against weedy types, they found that progenies of weedy types could be misidentified as cultivated 396 forms, thus favoring wild-to-crop introgression. For pearl millet, it has been suggested that 397 incomplete weeding and singling allow hybridization and introgression to occur freely and 398 extensively (Couturon et al., 1997; Robert et al., 2003 , Mariac et al. 2006 , favoring the 399 maintenance of wild genetic material in the cultivated gene pool. In addition, weedy types can play 400 an important role for food security. In many cases, weedy types are early maturing plants and they 401 are used under harsh conditions or between main harvests. In Sudan, farmers recognize a crop-wild 402 hybrid of sorghum, which is allowed to grow and is selectively harvested in bad years (Ejeta and 403 Grenier, 2005) . Hybrids can be harvested during periods of scarcity in the case of pearl millet too 404 (Couturon et al., 2003; Mariac et al., 2006) or in common bean (de la Cruz et al., 2005; Zizumbo-405 Villarreal et al., 2005) . Some studies have also documented farmers practicing conscious directional 406 selection towards evolution and changes of cultivated phenotypes by using the diversity available in 407 the wild relatives. For instance, in Benin, farmers voluntarily grow wild and hybrid yams 408 (Dioscorea spp.) in their fields to increase diversity (Scarcelli et al., 2006) .
410
All in all, this demonstrates how farmer practices can maintain and, in some cases, actively favor 411 wild-to-crop introgression. This can be particularly important for crop adaptation, since the trade-off 412 of strong human selection for certain traits has been the loss of diversity for other important adaptive 413 traits (e.g. Zheng et al., 2008) . Notably, traits involved in climate and soil adaptation, or resistance to 414 pests and diseases, display much greater diversity in wild species than in domesticated species 415 (Dempewolf et al., 2017; Guarino and Lobell, 2011; Hajjar and Hodgkin, 2007) . Therefore, favoring (Figure 4) to measure the strength of selection in the field and to 449 assess the biological function of the introgressed alleles (Suarez-Gonzalez et al., 2018; Whitney et al., 450 2006) . Given their adaptation to human-controlled environments, this step seems easier to accomplish 451 in most crops than in wild species.
453
Regarding the introduction or re-introduction of adaptive variation, it might be wondered to what 454 extent introgression from wild relatives can affect the whole crop genome. Recent studies have 455 suggested that introgression can be favored at genome-wide level when it reduces the genetic load 456 of the recipient species (Sankararaman et al., 2014; Wang et al., 2017) . Genetic load refers to the 457 genome-wide accumulation of weakly deleterious alleles that reduces its fitness (Crow, 1958) .
458
Given the repeated selection rounds associated with the domestication process, crop species 459 experience a reduction in the effective population size and in effective recombination, which in turn 460 reduces the efficacy of purifying selection in removing deleterious alleles and increases the effect of 461 hitchhiking selection (i.e. deleterious variants increase in frequency because they are linked to 462 selected beneficial alleles). Inbreeding, which is commonly practiced to fix traits of interest, also 463 slightly contributes to fixing deleterious alleles. In crops, a reduction in fitness is expected 464 compared to the wild progenitor, the so-called 'cost of domestication ' (Lu et al., 2006) . A greater 465 genetic load than in the wild counterpart was observed in several domesticated species such as rice identified in a number of crops (Doebley et al., 2006; Gross and Olsen, 2010; Meyer et al., 2012) , but 480 knowledge is far from complete. Up to now, research on the genetic architecture of domestication 481 traits indicates that domestication loci are limited to a few genomic regions in most studied species 482 (Burger et al., 2008; Glémin and Bataillon, 2009) and may not be a major obstacle to introgression in 483 the rest of the genome. The efficiency of counter-selection would thus depend on the genetic distance 484 between the introgressed fragment and the domestication genes, which is determined by the extent of Today's access to both phenotypic and genomic information provides the opportunity to further 492 investigate the role and mechanism of adaptive introgression in crops. From an applied point of 493 view, it can be a fair source of adaptation to be exploited in breeding programs. Along human 494 migrations, crops had the opportunity to exchange with multiple wild populations. These exchanges 495 might have resulted in the introgression of local adaptations that have already passed the 496 reproductive and the "agronomic" barriers. Identifying such local adaptive introgression, combined 497 with complementary tools (e.g. climatic modeling), could be an efficient way of adapting crops to 498 the predicted new environmental conditions. We therefore think there is a need to emphasize the 499 importance of conserving wild genetic resources and jointly investigating wild and crops relatives.
500
This research will also allow advances on key questions with broader prospects, such as 501 introgression rates and genome permeability (Hufford et al., 2013; Scascitelli et al., 2010) . Genomic 502 scan approaches could be complemented by the development of recombinant inbred line (RILs) 503 wild-crop hybrid populations (e.g. Fonceka et al., 2012; Nice et al., 2016) . Such pre-breeding 504 material can be exchanged and tested in different environments, which would also help to answer 505 the other side of the coin, the risk of transgene escapes in the case of crop-to-wild gene flow. The authors declare no conflict of interest. well as the type of data and methods used for 1) detection of the introgression and 2) detection of 528 the selection. "Genomic data" term include s whole-genome sequences or candidates genes 529 sequencing. "Genetic data refers to molecular markers such as QTL or SSR. 
